The development of the science of bacteriology has been marked by notable advances in the study of disease and in the control of industrial and agricultural processes in which micrc6rganisms play a vital role. For the most part, these advances arose from a study of the general properties of bacteria and of the relationship between them and their environment. In recent years, as a result of a closer inspection of the biology of micro6rganisms, especially as related to biology in general, there has been an increasing array of new applications of bacteriological material and methods to a variety of problems. This trend toward broadening the scope and significance of bacteriology is exemplified by such developments as the use of bacteria as a source of specific enzymes, as tools for the quantitative assay of numerous vitamins and amino acids, as material for research in genetics, as producers of antibiotic agents, and as a guide to the understanding of certain biochemical reactions of higher organisms. Accompanying this trend has been an increasi recognition of the fact that while bacteria have certain unique properties, their metabolic activities and biochemical behavior are strikingly analogous to those of higher organisms. The studies to be described on the transformation of pneumococcal types had their origin in an attempt to clarify a phenomenon that appeared to be quite unique and limited to one species of micro6rganisms. However, as information accumulated concerning the more intimate aspects of the problem, it became apparent that in this case also broader principles must be involved and that the results have implications beyond those referable to the biology of the pneumococcus. Thus, the present work provides another example of the potential relationship of the knowledge gained from microbiological investigations to problems in other fields of scientific research.
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The phenomenon of transformation of pneumococcal types was discovered by Griffith in 1928. He found that it was possible to transform a non-encapsulated (R) variant derived from one specific type of pneumococcus into encapsulated (S) cells of a heterologous specific type. In the original experiments this was accomplished by injecting into mice a small inoculum of living R pneumococci, along with a large amount of heat-killed cells of an encapsulated strain of a separate type. Many mice so treated died of pneumococcal infection and post-mortem culture revealed the presence of virulent, encapsulated pneumococci of the same type as that of the heat-killed cells inoculated. These experiments were quickly confirmed in several other laboratories (Neufeld and Levinthal, 1928; Reimann, 1929; Dawson, 1930; Baurhenn, 1932) , and it was thus established that predictable and type-specific modifications could be produced in pneumococci under the influence of some substance present in heat-killed cells. Subsequently, Dawson and Sia (1931) were able to obtain similar transformations in vitro by growing an R strain in broth containing anti-R serum and heat-killed encapsulated S cells. The nextmajor advance occurred when Alloway (1932 Alloway ( ,1933 was successful in separating the active principle from encapsulated cells so that in vitro transformation could be carried out with cell-free extracts. This work established the fact that the substance responsible for the induction of transformation can be obtained in a soluble form, and it paved the way for attempts to determine its chemical nature. The studies to be summarized in this review deal with the purification of the active transforming substance and with the identification and properties of the purified material. Work on this problem has been carried out by Dr. 0. T. Avery over a period of several years, with the collaboration first of Dr. C. M. MacLeod and later of the present writer.
Crude transforming extracts from heat-killed pneumococci are complex mixtures of many constituents of the bacterial cells, and the preliminary approach to purification involved a process of eliminating the inactive components. The removal of protein, lipids, ribonucleic acid and capsular and somatic polysaccharides from Type III pneumococcal extracts proved to have no effect on transforming activity. Consequently, the method for purifying the Type III transforming substance includes procedures for separating each of these inactive components from the active material: the protein by the chloroform method, the capsular polysaccharide by digestion with a specific bacterial enzyme which hydrolyzes it, the somatic polysaccharide by fractional alcohol precipitation, and ribonucleic acid either by enzymatic digestion with ribonuclease or by alcohol fractionation (Avery, MacLeod and McCarty, 1944 Dubos and Avery (1931) to provide an enzymatic reagent that could be used to confirm the polysaccharide nature of this substance. It is of interest that in this case enzyme specificity surpasses the specificity of serological reactions, since the capsular polysaccharide of pneumococcus Type VIII which cross reacts with Type III in serological tests is not attacked by the specific Type III enzyme.
Enzymatic techniques were applied relatively early in the course of the attempts to determine the nature of the transforming substance. It was found, for example, that crystalline preparations of trypsin, chymotrypsin and ribonuclease have no effect on the biological activity or physical properties of the transforming agent, thus providing further indication that protein and ribonucleic acid do not play a vital r6le in the transforming tests. On the other hand, certain crude enzyme preparations, including intestinal phosphatase, pancreatio extracts, dog and rabbit sera, and pneumococcal autolysates, have the capacity of causing rapid and complete loss of transforming activity (Avery, MacLeod, McCarty, 1944) . These same enzyme preparations also possess the ability to hydrolyze highly polymeric preparations of desoxyribonucleic acid from anima sources, but because of the crude nature of the enzyme mixtures it is impossible to determine with certainty whether the inactivation of the transforming substance and the hydrolysis of desoxyribonucleic acid are due to one and the same enzyme. Obviously, then, the reagent required in order to provide conclusive results must be a purified preparation of the enzyme which attacks desoxyribonucleic acid. However, this enzyme, desoxyribonuclease, was not available in purified form, and its isolation and purification were therefore undertaken in our laboratory.
Native desoxyribonucleic acid, as prepared from animal tissues by methods designed to avoid partial breakdown, is a highly polymeric substance with a molecular weight of approximately 1,000,000. Although desoxyribonucleaae is present in a wide variety of tissues, it occurs in by far the highest concentration in pancreas. Separation of the enzyme from the bulk of other pancreatic enzymes was finally accomplishd by application of the acid-extract method devised by Kunitz and Northrop (1935) for the isolation of the tryptic enzymes. Beef pancreas is extracted with 0.25N H2SO4 and the desoxyribonuclease is precipitated by relatively low concentrations of ammonium sulfate which do not throw down appreciable quantities of the other enzymes. By further salt fractionation of this material, a desoxyribonuclease preparation is obtaired which is free from lipase, phosphatase and ribonuclease activity, and contains only traces of a proteolytic enzyme (McCarty, 1946) . The specific activity on desoxyribonucleic acid is very high. Under optimal conditions of pH, temperature and magnesium ion concentration, a readily measurable effect on the viscosity of sodium desoxyribonucleate solutions is obtained at enzyme concentrations below 0.01 microgram per ml. More than 10,000 times this concentration is required to demonstrate the presence of the traces of proteolytic enzyme which are present as a contaminant. It would appear that the degree of purification achieved is sufficient to provide the specific enzymatic reagent that was sought for use in the study of the transforming substance.
Desoxyribonuclease is readily soluble in water and quite stable in solution at pH 4 to 5. In contrast to the heat-stable ribonuclease, it is very susceptible to heat inactivation. Highly effective inhibition of desoxyribonuclease can be obtained by the use of citrate, which apparently acts by forming a soluble complex with magnesium and thus removing the essential magnesium ion from the environment. In addition, desoxyribonuclease is markedly inhibited by serum Of rabbits immunized with the enzyme protein.
The purified desoxyribonuclease was tested for its effect on the transforming activity of the pneumococcal nucleate under the same experimental conditions that were used in the case of the viscosimetric determinations using animal nucleate (McCarty and Avery, 1946a) . Samples of transforming substance from pneumococcus Type III were mixed with varying concentrations of desoxyribonuclease and incubated for 30 minutes. At the end of this period, the reaction was stopped by heating at 60°C. to inactivate the enzyme, and the mixtures were titered for transforming activity. It was found that the transforming substance is completely and irreversibly inactivated at final enzyme concentrations as low as 0.005 microgram per ml. Even at an enzyme concentration of 0.001 microgram per ml. a definite loss of activity occurs in comparison with untreated control material. As in the case of the hydrolysis of animal nucleic acid, citrate inhibits the action of desoxyribonuclease on the transforming substance.
The data from enzymatic studies therefore provide strong supporting evidence for the view that the biological activity of thc transforming substance is a property of the desoxyribonucleic acid. Certainly there can be little doubt that desoxyribonucleic acid must be present in its intact, highly polymerized form, and when all the evidence is considered it appears extremely unlikely that small traces of some other specific substance, such as a protein, could be responsible for the manifestation of the transforming activity.
Th6 possibility is therefore suggested that nucleic acids possess a type of biological specificity that has hitherto been unsuspected. Nucleic acids are apparently present in all living cells and it will be recalled that the desoxyribose type occurs exclusively in the nucleus. A reconsideration of the possible r6le of nucleic acids in vital phenomena is indicated in the light of the observed properties of pneumococcal desoxyribonucleic acid. These properties are characterized by two cardinal effects: the induction in pneumococci of predictable and heritable modifications and the self-reproduction of the active agent in transformed cells.
Indeed, there are certain striking analogies between the biological properties of the transforming substance and those of viruses and genes. For example, as in the case of viruses, the transforming agent acts only on susceptible living cells; it is transmissible in series and can subsequently be recovered in amounts far in excess of that originally used as inoculum. As in the case of genes, the transforming substance behaves as a heritable unit in that it produces predictable and durable alterations in cellular structure and function and is itself reduplicated in daughter cells through successive generations. It intervenes in the metabolism of the R cell, giving rise to the synthesis of a new capsular substance, which in turn endows the cells with distinctive and biologically specific characters not possessed by the parent strain. Although the validity of these analogies may be questioned, they serve to underline the possible implications of the phenomenon of transformation in the field of genetics and in virus and cancer research.
With respect to the biological specificity of the pneumococcal nucleic acid, it should be pointed out that in all probability only a small portion of the total molecules are endowed with transforming activity. A desoxyribonucleic acid fraction can be extracted from unencapsulated R pneumococci which is similar in all respects to the Type III preparations, except that it is wholly inactive in the transforming system. It is possible that the nucleic acid of R pneumococci is concerned with innumerable other functions of the bacterial cell in a way similar to that in which capsular development is controlled by the transforming substance. The desoxyribonucleic acid from Type III pneumococci would then necessarily comprise not only molecules endowed with transforming activity, but in addition a variety of others which determine structural and metabolic activities possessed in common by both the encapsulated and unencapsulated forms. This implies that any given desoxyribonucleic acid preparation represents a complex mixture of a large number of entities of diverse specificity.
In addition to enzymatic inactivation of the pneumococcal transforming substance, another form of inactivation has been observed which is of special interest because of its reversibility. In the presence of ascorbic acid and traces of cupric ion, at neutral or slightly alkaline reaction, the transforming substance is rendered completely inactive. Sulfhydryl compounds, such as cysteine and glutathione, protect the material, from this type of inactivation. Furthermore, transforming preparations which have been completely inactivated by ascorbic acid can be almost quantitatively reactivated by treatment with glutathione. The mecha-nism of the effect is apparently that of a reversible oxidation, and the action of ascorbic acid depends upon its autoxidation with concurrent formation of peroxides, which in turn act on certain reversibly oxidizable, but at present unidentified, groups in the molecule of transforming substance (McCarty, 1945) .
In addition to its value in establishing the chemical nature of the transforming substance, the isolation of desoxyribonuclease in purified form provides a valuable tool for the study of desoxyribonucleic acids in several fields of investigation. For example, it has been applied to the histochemical study of the occurrence and distribution of desoxyribonucleic acid in normal and cancerous tissues. Moreover, the knowledge obtained concerning the properties of the enzyme has contributed further to the problem of pneumococcal transformation by making possible a new method for the isolation of the transforming substance from Type III cells. Use of this improved method results in a considerable increase in the yield of active material, and it has been employed successfully in the preparation of purified transforming substance from pneumococci other than those of Type III (McCarty and Avery, 1946b) .
Because of the ease with which pneumococci undergo lysis, advantage was taken of this property in the first attempts to obtain the transforming substance in a soluble, cell-free form. It was found, however, that active preparations could not be mate from lysates, and it seemed likely that enzymatic processes were responsible for destruction of the material during lysis. This view is supported by the fact that active material can be extracted from cells which have been heat-killed at 650C., a temperature known to inactivate most of the intracellular enzymes. The studies on desoxyribonuclease and its effect on the transforming substance suggested the possibility that pneumococcal cells contain this enzyme, and that it is responsible for destruction of transforming activity during lysis of the cells. Actually, it can be readily demonstrated that pneumococci elaborate a desoxyribonuclease which is similar to the pancreatic desoxyribonuclease in its pH optimum, heat lability, and dependence on the presence of magnesium ion. The latter property is important because it provides a means of inhibiting the action of the enzyme by the use of citrate. 1946] specificity in the transforming system. Therefore, in the three instances studied, and by inference probably in all other types of pneumococci, the active agent belongs to the same general class of chemical substances.
The investigations which have been described give us little insight into the mechanism of the transforming reaction. It would be of interest to know the manner in which the specific desoxyribonucleic acid enters a susceptible cell and how it sets in motion the series of biochemical reactions that culminate in the synthesis of the capsular polysaccharide. It is possible that some knowledge concerning mechanism may be forthcoming from studies now in progress on the r6le of the factors present in serum which are required in the transformation system. The data so far obtained are interpreted as indicating that the serum factors act by altering the surface of the bacterial cell so that the specific desoxyribonucleic acid is taken up or absorbed.
In summary of the present work, it seems possible to conclude that the accumulated evidence has established beyond reasonable doubt that the active substance responsible for transformation is a specific nucleic acid of the desoxyribose type. The isolation of desoxyribonuclease in purified form supplies a specific enzymatic reagent for application not only to this problem, but to avariety of. others involving desoxyribonucleic acid. The question of the vital function and biological specificity of nucleic acids in general deserves reconsideration ip the light of the observed properties of the pneumococcal transforming substance.
